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Contribution of Chlorination to the
Mutagenic Activity of Drinking Water
Extracts in Salmonella and Chinese
Hamster Ovary Cells
by George R. Douglas,* Earle R. Nestmann,*f and
Guy Lebel*

The production of chlorinated by-products through chlorine disinfection of drinking water has been
well documented. Natural organic precursors for these chemicals include fulvic and humic acids, the
chlorination of which leads to the production of mutagenic compounds. Conmparisons of extracts of raw
versus treated waters have confirmed that clorination during water treatment produces inutagenic activity
in the Salmonella (Ames) test. Present work on XAD-2 extracts of raw and chlorinated water from six
municipalities in the Great Lakes region of Canada has involved a battery of mutagenicity assays for
various genetic endpoints: the Salmonella test, the sister-chromatid exchange (SCE), and the micronucleus
(MN) induction in Chinese hamster ovary (CHO) cells. All extracts of treated (chlorinated), but none of
untreated, water were mutagenic in the Salmonella assay. On the other hand, extracts of both treated
and untreated water samples showed activity in the SCE and MN assays, but no consistent pattern of
response with regard to treatment (chlorination) was evident. These data show that chlorination contrib-
utes mutagens to drinking water and suggest that mammalian in vitro assays may be more sensitive for
detecting mutagenicity in water samples than the Salmonella test.

Introduction
It is a well established principle that organic com-

pounds in chlorinated drinking water, from a number
of sources, are mutagenic. This activity has, for the
most part, been observed in bacteria using the Salmo-
nella/mammalian microsome assay to test concentrates
of nonvolatile constituents (1-3). A portion of this mu-
tagenicity has been attributed to the reaction of chlorine
used in the disinfection process with pre-existing or-
ganic precursors present in untreated source water (4-
6).
One of the principal reasons for studying the muta-

genicity of drinking water extracts has been the well
established association between the phenomena of mu-
tagenicity and carcinogenicity (7). It is possible to per-
form carcinogenicity studies on individual drinking
water extracts in rodents, and such studies have yielded

*Mutagenesis Section, Environmental Health Directorate, De-
partment of National Health and Welfare, Ottawa, Ontario, Canada
KlA OL2

tOrganic Chemistry Sections, Environmental Health Directorate,
Department of National Health and Welfare, Ottawa, Ontario, Can-
ada KlA OL2.

tPresent address: Crop Protection Department, Cyanamid Canada
Inc., 2255 Sheppard Ave. E., Willowdale, Ontario, Canada M2J 4Y5.

both positive (8,9) and negative (10) findings. However,
such assays are not amenable to the study of samples
from a number of sources because of the time necessary
for these costly long-term studies and also because of
the large quantities of material that are required. Ac-
cordingly, mutagenicity assays have been expected to
serve as suitable, easily performed surrogates for car-
cinogenicity studies and as indicators ofpossible induced
heritable mutations in these cases. However, in spite
of the fairly universal finding that drinking water con-
centrates are mutagenic, there is no adequate inter-
pretation of the relevance of the level of drinking water
mutagenicity in terms of hazard to human beings. Part
of this problem is caused by the fact that most studies
have tested bacteria, organisms that are convenient to
use when conducting experiments, but whose reactions
may not be relevant to human health. To establish a
more relevant basis for the prediction of human health
hazard, most testing strategies include, as a minimum,
a test for in vitro cytogenetic effects in mammalian cells,
in addition to a test for microbial gene mutation (11).
In keeping with this concept, the present study was
undertaken to relate chlorination-associated mutagenic
effects in Salmonella to mammnalian cell genotoxicity to
establish a more relevant basis for the prediction of
hazard.
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In this study, samples ofraw and chlorinated drinking
water from six municipalities in the Great Lakes region
of the Province of Ontario, Canada, were concentrated
using XAD-2 resin. Extracts of organics so derived
were tested for the induction of gene mutation using
the Salmonella/mammalian microsome assay and for the
induction of micronuclei (MN) (chromosomal aberra-
tions) and sister-chromatid exchanges (SCE) in cultured
Chinese hamster ovary (CHO) cells.

Materials and Methods
Water Sampling

Stainless steel, 3.2 cm x 40 cm cartridges were
packed with XAD-2 Amberlite resin as described pre-
viously (12). Pairs ofcartridges were installed in parallel
by connecting them to a supply tap, and a maximum of
approximately 1450 L ofwater was passed through each
cartridge at a rate of approximately 1 L/min. Following
this procedure, columns were capped and transported
to the laboratory for elution of adsorbed material using
1 L of a hexane:acetone (85:15) mixture and concentra-
tion in a rotary evaporator (12). The resulting concen-
trates were evaporated either to dryness (dry extracts)
or retained as they were (wet extracts) for mutagenicity
testing. To determine if the solvents used could produce
artifactual results, a freshly prepared cartridge was
eluted with the hexane/acetone mixture without car-
rying out the sampling procedure. In all cases, glass-
distilled, pesticide-grade solvents were used.

Salmonella/Mammalian Microsome Assay
Both dry and wet extracts were tested for reverse

mutation in Salmonella strains TA 98 and TA 100, both
with and without the addition of Aroclor 1254-induced,
Sprague-Dawley rat liver S9 mix (13). These strains
were selected because in the past they have consistently
given the optimum responses to drinking water extracts
(1). Dry extracts were dissolved in acetone before test-
ing, and wet extracts were added directly to the top-
agar mixture. The criteria for a positive response were
a doubling over background with at least one treatment
and a dose-response as evidenced by dose-related in-
creases over the background at a minimum oftwo treat-
ment points.

Chinese Hamster Ovary Assays
Attempts to test wet extracts for the induction of

SCE and MN in CHO cells were unsuccessful because
of the immiscibility of the hexane/acetone mixture in
the culture medium. Therefore, these wet extracts were
evaporated to dryness and redissolved in dimethyl sulf-
oxide (DMSO). DMSO was chosen after we determined
that the levels of acetone required to dissolve the ex-
tracts would be cytotoxic to CHO cells. A preliminary
dose-ranging experiment was conducted on each extract
using growth inhibition in 24-well culture plates (Lin-
bro) as an index of cytotoxicity (14).

For the cytogenetic assays, wild-type CHO cells were
grown in Eagle's minimal essential medium (MEM)
(Gibco) supplemented with 7.5% fetal bovine serum
(Gibco), sodium pyruvate, nonessential amino acids,
penicillin, and streptomycin as previously described
(14), with the additional feature that cells were grown
attached to 22-mm2 glass coverslips in 35-mm plastic
culture dishes. Cells were treated with the extracts for
1 hr in serum-free medium. Each concentration was
tested in triplicate cultures.

Following 26 hr of subsequent incubation in serum-
containing medium, coverslip cultures were treated
with 1% sodium citrate hypotonic solution for 3 min,
fixed in 3:1 methanol:glacial acetic acid for 10 min, air
dried, stained in 2% aceto-orcein, and mounted in Per-
mount after dehydration. In each of three replicate cul-
tures (1500 cells), 500 cells per dose level were analyzed
for the presence of MN, which represent chromosome
fragments excluded from the main nucleus. The in vitro
MN assay can be regarded as a rapid test for the de-
tection of chromosomal damage (15).
For the visualization of SCE, cells on coverslips were

cultured for 24 hr in medium containing 2 x 10' M
bromodeoxyuridine (BrdU) and harvested following the
addition of 10 mg/mL colchicine for 2 hr. Coverslips
were stained with Hoechst 33258 for 10 min and pro-
cessed as previously described (14). SCEs were scored
in 25 cells per culture in each of the three replicate
cultures for a total of 75 cells per dose.

In both the SCE and MN assays, cultures were
treated as previously described (14), both in the pres-
ence and absence of S9 mix prepared from Aroclor 1254-
induced, Sprague-Dawley rat liver. All slides were
coded so that the observer had no knowledge of the
treatment conditions while the slides were scored. The
criteria for a positive response were at least a doubling
over the background (solvent control) level and indi-
cation of a dose-related increase. All extracts were
tested at dose ranges including concentrations that re-
sulted in mitotic inhibition.

Results and Discussion
Six sources of raw and treated (chlorinated) drinldng

water were sampled at the treatment plant sites. The
locations were selected to provide a variety of water
source types with potentially different spectra of trace
organics. Rivers were sources for locations 1 and 2,
lakes for locations 3 and 4, and wells for location 6.
Location 5 drinking water was obtained from surface
water and groundwater that was combined before treat-
ment. The volumes sampled per column ranged from
approximately 1200 to 1500 L for treated water and 460
to 1484 L for the raw water. Clogging of the columns
with sediment or discontinuous pumping resulted in low
sample volumes of raw water from some locations.

Since the mutagenicity data obtained are extensive,
only representative responses will be shown in detail.
Figure 1 shows the Salmonella test data from location
2 for strain TA 100, the most responsive strain in this
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FIGURE 1. Effect of drinking water extracts from location 2 on mu-
tagenicity in Salmonella. To calculate the amounts of extract per
plate, the amount per milliliter should be multiplied by 2.7.

case. The extract of raw water had no effect; whereas,
the extract of chlorinated water showed a pronounced
dose-related effect. This response was virtually elimi-
nated in the presence of S9 mix. The Salmonella data
shown in this report are taken from samples evaporated
to dryness and dissolved in acetone; however, the wet
samples (data not shown) caused essentially the same
responses for all samples.

Figure 2 shows the CHO data for the same location
(no. 2) as above. No effect was seen when cells were
treated in the presence of S9 mix. For the raw water
extract, the MN test data exhibit a small dose-related
increase for the concentrations tested in the absence of
S9 mix. The response was greater in the chlorinated
sample, both in terms of the maximum effect and in
terms of the lowest effective concentrations. Unfortu-
nately, because of abnormally high values in the solvent
controls, the apparent responses would not be consid-
ered positive. The fluctuation of solvent control values,
which obfuscates such an apparent positive response,
is a drawback of the in vitro MN assay as performed
here. It is not known if the problem results from a
property of the cell line, the culture conditions, or a
combination of both. However, the advantages of this
assay in terms of cost and utility make it worthy of
further investigation. Using pooled negative control
values for the study, it is possible to compensate par-
tially for this problem. The mean control values cor-
responding to -S9 data in Figure 2 are 2.7 micronuclei/
100 cells for the unchlorinated and 2.6 micronuclei/100
cells for the chlorinated sample. Accordingly, the max-
imum response for the chlorinated sample would be
greater than twice the control level, and the dose-re-
sponse would then be considered positive by the criteria
stated in the "Materials and Methods" section. The re-
sponse for the unchlorinated sample would still be con-
sidered negative. Similar comparisons for all other sam-
ples did not increase the number of positive responses.
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FIGURE 2. Effect of drinking water extracts from location 2 on the

induction of MN and SCE in CHO cells.

A positive SCE response occurred with the raw water
extract from location 2 in the absence of S9 mix (Fig.
2), in contrast to the findings with the Salmonella assay
(Fig 1). This effect was greater in the chlorinated water
extract. In the presence of S9 mix, a noticeable but
reduced response which is not positive using the criteria
applied in this study, was detected for the chlorinated
water extract. No effect was seen for the raw water
extract treated in the presence of S9 mix.
The data for all six sampling locations are summarized

in Figures 3 and 4 according to two parameters: the
maximum-fold increase over background and the lowest
dose (liter equivalents) tested that induced a doubling
over background. The former criterion, although not a
measure of potency that is a function of dose, does pro-
vide insight into relative responses of the different as-
says. The latter doubling-dose criterion is a relatively
conservative index, but it has been used almost uni-
versally as an indicator of biological activity. The data
shown in Figures 3 and 4, unless indicated otherwise,
are from tests performed without the addition of S9 mix
to the treatment mixture, and the Salmonella data are
for strain TA 100.

All six raw water extracts gave a negative response
in the Salmonella assay; however, all extracts of chlor-
inated water induced maximum responses greater than
twice the background levels. Maximum responses were
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FIGURE 3. Spectrum of maximum responses in Salmonella and CHO cells after treatment with drinking water extracts from the numbered
sources. Response units are the same as in Figs. 1 and 2. R = raw water, T = treated water. All Salmonella data are for strain TA 100
unless indicated by the designation "98" for TA 98. All data are for assays conducted without S9 mix except as indicated with a "+ " for
results of conducted with S9 mix. The split columns for raw water from location 5 indicate groundwater and surface sources, respectively.

observed in all cases without S9 mix, and in two cases,
strain TA 98 was more responsive (locations 1 and 5).
For the control (blank) cartridge referred to in the

"Materials and Methods" section, negligible material
was recovered. Accordingly, only the Salmonella test
was performed in TA 100 on a limited basis. The re-
sponse was not different from the background level,
suggesting that the solvent did not interact with the
material in the column to generate artificial results.

In the mammalian cell assays, the difference in re-
sponses between raw and treated water extracts was
not nearly as discrete as in Salmonella. In most cases,
in contrast to results shown in Figure 2, little difference
was found between the raw and treated samples in
terms of the magnitude of responses, particularly for
SCE. Although the maximum responses observed in the
MN assay were clearly greater for samples from loca-
tions 4 and 5, similar high values for SCE were not
observed for the same locations. Unlike the Salmonella
assay for all locations, the MN assay gave clear de-
creases in maximum response after chlorination for lo-
cations 3 and 6. A further difference between the Sal-
monella responses and those with mammalian cells was
that some of the maxi'mum mammalian cell responses
were observed with the addition of S9 mix to the treat-

ment mixture (locations 1, 2, 4, and 6). Comparison of
the MN data in Figure 2 with the corresponding re-
sponses in Figure 3 for location 2 readily demonstrates
the problem created by the high background level as
discussed above.
Figure 4 compares the potency of responses seen in

Figure 3. Care must be exercised in interpreting Figure
4, since the lower the dose (and the shorter the histo-
grama bar) that induces at least a doubling over the
solvent control value, the more potent the response.
This parameter is not necessarily directly related to the
maximum response seen in Figure 3, although in many
cases it is.
As in Figure 3, the consistent effect of chlorination

of the Salmonelia responses can be seen in Figure 4.
For SCE, differences between raw and treated samples
are much more evident in this figure than in Figure 3;
the potency of the chlorinated sample is higher for lo-
cations 2, 3, 5, and 6, but lower for locations 1 and 4.
Interestingly, the maximum SCE response for the raw
sample from location 4 was found with in vntro metabolic
activation (Fig. 3), but the same sample induced a dou-
bling at a lower dose without metabolic activation.
The direction of the MN responses tends to coincide

with the SCE data in most cases (for example, locations
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FIGURE 4. Relative potency of drinking water extracts from the numbered sources in tests on Salmonella and CHO cells. See Fig. 3 for
explanation of common symbols. Response units are the same as in Figs. 1 and 2. N = response less than a doubling over background.

2 through 6), if negative responses are included. How-
ever, the raw water sample from location 6 required
metabolic activation for maximum potency in the MN
assay. This finding suggests that the groundwater
source in location 6 contained a different spectrum of
trace organics than the surface water sources. It might
be expected that if the groundwater sources contained
lower levels of trace organics than the surface water
sources, then this difference would be reflected by lower
responses of the tests to extracts derived from ground-
water. Accordingly, the lowest potencies observed for
raw water were from groundwater sources (locations 5
and 6), but chlorination of the combined groundwater
and surface water at location 5 produced among the
most potent responses for all assays.
While the samples collected for this study were being

tested for genotoxic effects, parallel chemical analysis
(12) revealed that all samples contained diethylhexyl
phthalate (DEHP) that was introduced accidentally by
the contract laboratory as the concentrates were being
prepared. Investigation revealed that the source of the
contamination was a plastic connecting sleeve used in
error in the cartridge elution system. To determine if
this contamination could have influenced the results ob-
tained, experiments were conducted in which hexane/

acetone extracts of the plastic sleeve were added to
drinking water extracts. Results indicated that the in-
duction of SCE in CHO cells was not altered by the
addition of the plastic extract (data not shown). In sub-
sequent experiments the sampling and extraction pro-
cedures were carried out on local drinking water du-
plicating the conditions that led to the contamination.
This column was paired with one on which the correct
procedure was used. Extracts collected were then
tested in Salmonella and in CHO cells for SCE. Results
using contaminated samples (verified as DEHP by gas
chromatography) were not different from those using
uncontaminated samples, either in terms of gene mu-
tation (Fig. 5) or SCE (Table 1). Earlier samples from
this source induced both gene mutation in Salmonella
and SCE in CHO cells; however, the data in Table 1
show no appreciable increase in SCE caused by inherent
cytotoxicity, although gene mutation was detectable
(Fig. 5).
The in vitro bioassays used in this study are indicators

ofbiological effects ofthe chlorination ofdrinking water.
Levels of over 80 target organics in identical samples
analyzed in the companion study (12) showed no aggre-
gate differences, based on chemical class, between raw
and chlorinated water extracts. Previously, an attempt
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FIGURE 5. Effect of plastic tubing extract contamination introduced

during elution of drinking water organics from XAD-2 column on
mutagenicity in Salmonella strain TA 100: (0) uncontaminated; (0)
contaminated.

to correlate levels of Salmonella mutagenicity with lev-
els of specific target organics did not permit identifi-
cation of the mutagens responsible for the activity ob-
served (16).
The data reported in this study permit a number of

conclusions to be drawn. This study illustrates the util-
ity of the bioassay approach in studies of the effects of
treatment processes on chemical mixtures where the
specific chemical changes cannot be readily predicted.
The pattern of results suggests that the mammalian
assays are sensitive to a different spectrum of organic
constituents than the Salmonella test. Furthermore,
these results demonstrate the utility of the comple-
mentary assay approach for studying complex mixtures.
The evidence that drinking water extracts are genotoxic
in cultured mammalian cells confirms the results ob-

Table 1. Effect of plastic tubing extract contamination
introduced during elution of drinking water organics from XAD-

2 column on SCE in CHO cells.

SCE/Cella
L Equiv./mL Contaminated Uncontaminated
0 (1% DMSO) 4.2 4.2
0.094 4.3 4.4
0.141 4.5 4.5
0.118 5.8 5.1
0.281 MIb 5.1
0.375 MI MI
aBased on 75 cells.
b Mitotic inhibition.

tained in the Salmonella assay and provides a firmer
basis for predicting potential hazard. Ultimately, how-
ever, the actual demonstration of hazard must rely on
in vivo studies.

The collection of samples and preparation of the XAD-2 extracts
were carried out under a contract with Concord Scientific Corp.,
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B.C. Cancer Research Centre (R. H. C. San), Vancouver, British
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ley) and R. Worton (University of Toronto) for the gifts of Salmonella
strains and CHO cells, respectively, Drs. T. I. Matula and D. H.
Blakey for useful comments concerning the manuscript, D. J. Kowbel
for technical assistance, and Roberta Smith for efficient typing of the
manuscript. The work described in this paper was not funded by EPA,
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